Organic small molecules with a suitable energy level have usually been considered as photosensitizers rather than catalysts for photocatalytic hydrogen evolution (PHE ). After in situ construction of the rubrene/ZnP-NS heterostructure, more efficient PHE of this pure organic nanostructure was obtained due to the occurrence of photoinduced electron transfer and Förster resonance energy transfer (FRET). The optimal PHE rate is $0.56 mmol g À1 h
Introduction
Over the past half century, PHE from water splitting has attracted more and more attention because of the increasing worldwide energy shortage and environmental issues. [1] [2] [3] [4] [5] [6] [7] With the rapid development of nanoscience and nanotechnology, obvious progress has been made in the photocatalysis of nanosemiconductors due to their abundant active sites and efficient absorption of solar light. [1] [2] [3] [4] [5] To date, a variety of inorganic nanomaterials have been synthesized as photocatalysts such as transition metal oxides and metal suldes. [3] [4] [5] Although signi-cant development has been achieved in the eld of inorganic systems, there are few reports on PHE when organic small molecules nanostructures were used directly as photocatalysts rather than photosensitizers over the past two decades. 6, 7 In recent years, p-conjugated organic semiconductors, particularly organic dye molecules with high light-harvesting properties, have attracted considerable attention as a result of their relatively low-cost and various stable modiable structures. [8] [9] [10] To take metal porphyrin (MP) for example, theoretically, the porphyrin macrocycle can not only offer a unique platform for the coordination of different metal atoms to tune the spectroscopic and/or electrochemical properties of the chromophore, but also stabilize the redox-active metal centre. These advantages indicate their potential applications in photoelectric transfer. In fact, compared to the normal hydrogen electrode (NHE), the reduction potential of many MPs from MP + to MP excited stage (MP*), such as MgTPP, ZnTPP and AlTPP, is more negative and more positive than that from MP* to MP À . 11 This means that these MPs may give photogenerated electron to reduce a proton. With the help of an appropriate sacricial electron donor (SED), PHE may be achieved via the application of a Z-scheme. 7, 9, 12, 13 Although the porphyrin-based PHE has been widely studied, to the best of our knowledge, there are few reports on directly splitting water for PHE using MPs as photocatalysts rather than photosensitizers. 9, 14 Now, more efforts are seemingly focused on constructing a molecule system for PHE than nanostructures.
The effect of organic nanostructures with different shapes, size, crystal types and self-assembly on the optoelectronic properties have been studied widely. [15] [16] [17] [18] [19] [20] In particular, the recent study of the self-assembly of naturally-occurring molecules provides a new opportunity to investigate and simulate the function of biological systems. For example, Yan's group successfully adjusted the optical properties of porphyrin based on peptide-tuning self-assembly method. [18] [19] [20] This inspired us to explore the role of self-assembling porphyrin-based nanostructures analogous to natural photocatalytic system. At present, few reports on the PHE properties of organic small molecule nanostructures can be attributed to three factors. The rst is the difficult production of large-scale monodisperse organic nanostrucutures. 21 The second is their hydrophobic essence of main body, which means difficult diffusion of water or protons to the reaction interface and high overpotential.
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The third is the higher Coulomb binding energy of Frenkel exciton existed in an organic system than Wannier exciton in inorganic semiconductors, which prevents photoinduced electrons and holes from effectively separating. 2, 6, 22 To solve these tough problems, an entirely new strategy must be proposed. In this regard, we wondered whether these difficulties can be overcome by preparing hydrate organic nanostructures via a liquid-phase chemical reaction. 16, 23 In this way, a variety of monodisperse ZnP nanostructures can be synthesized on a large scale. It is very exciting that ZnP-NS with fully exposed crystal water on the crystal face can also be synthesized. 23 Due to the existence of a hydrogen bond between ZnP and body-phase water via crystal water, in theory, ZnP-NS not only have well hydrophilicity, but also contribute to the transfer of a photoinduced electron from the metal atom on the porphyrin ring to proton/H 2 O. 24 As far as the third problem was concerned, it was proved that the construction of a heterostructure is an effective route.
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Compared to hydrogen, ZnP has a more negative reduction potential from ZnP + to ZnP* (whether single or triplet excited state) as well as a long triplet state lifetime, which implies that it may be a potential photocatalyst. 11, 12, 27 For organic semiconductor rubrene, its far long diffusion distance of triplet excitons, more positive LUMO (À2.10 eV) than ZnP (À2.39 eV) and excellent optical properties make it suitable as a photosensitizer when recombined with ZnP. [27] [28] [29] [30] In this study, large amounts of ZnP-NS were synthesized via a liquid-phase chemical reaction and achieved direct PHE from water splitting when ZnP-NS and triethanolamine (TEOA) were used as the photocatalyst and sacricial electron donor (SED), respectively. Through the in situ construction of rubrene/ZnP-NS heterostructure in the aqueous phase with ZnP-NS as templates, the efficiency of PHE was further improved. Moreover, it was also found that more efficient PHE can be observed when the system contains methyl viologen (MV) and H 2 PtCl 6 $6H 2 O.
Results and discussions
Fig . 1A shows the synthesis process of ZnP-NS and rubrene/ZnP-NS nanostructures. In a typical experiment, 1 mL of 1 mM ZnP perchlorate (10 À6 mol) in acetonitrile was injected rapidly into 5 mL of an aqueous solution, including 0.5 M poly(vinyl pyrrolidone) (PVP) and 10 mM sodium nitrite (NaNO 2 ), at room temperature. 23 As shown in Fig. 1B by the scanning electron microscopy (SEM) images, the square nanoakes with an edge length of $900 nm and a thickness of <100 nm can be well synthesized. Aer centrifuging and washing, ZnP-NS were redispersed in ultrapure water to form a 1.0 mg/30 mL colloid dispersion system aer mild sonication. To fabricate the rubrene/ZnP-NS heterostructure, the precursor of rubrene perchlorate was rst synthesized according to the reported method. 31 Aer it was added to water, MALDI-TOF mass spectroscopy in Fig. S1 † proved the formation of the rubrene NPs, as shown in Fig. S2 . † Similarly, to obtain the composites of rubrene/ZnP with a molar ratio of 1 : 6, 1 : 3 and 2 : 3, 1 mL of 1 mM rubrene perchlorate in acetonitrile was, respectively, added to 120 mL, 60 mL and 30 mL of a 1.0 mg/30 mL ZnP-NS aqueous dispersion and aged for 12 hours. The as-prepared samples were characterized by SEM, transmission electron microscopy (TEM), selected area and elemental mapping. Fig. 1C -E shows that with increasing molar ratio of rubrene/ZnP from 1 : 6, 1 : 3 to 2 : 3, the electron diffraction (SAED) average size of rubrene NPs increases from $100 nm, $150 nm to $200 nm and more detached rubrene NPs can be found, as marked by the red frames. This should result from the increase in rubrene monomer chemical potential aer a rapid reaction with the decreasing volume of dispersion agent.
23 Interestingly, Fig. 1F and inset maps of Fig. 1D and E show that the rubrene NPs prefer to form at the edge of two smooth faces of ZnP-NS. This was attributed to the existence of rough faces on the edge of the ZnP-NS and higher reduction potential of rubrene + /rubrene (0.9 eV vs. SCE) than ZnP + /ZnP (0.71 eV vs. SCE), which means not only the reaction between the rubrene cation and ZnP, but also the preferred nucleation of rubrene at these rough faces with high surface energy. 11, 31 In addition, TEM image in Fig. 1F shows the close contact between the rubrene NPs and ZnP-NS, indicating the in situ formation of rubrene NPs on the surface of the ZnP-NS. The corresponding ED pattern in Fig. 1G conrms that a smooth crystal face of ZnP-NS can be indexed to (020) with fully exposed crystal water (see Fig. 1A ). The nanosheet in Fig. 1H and relevant Zn element mapping in Fig. 1I further verify the synthesis of a high-quality rubrene/ZnP-NS nano-heterostructure and the morphology of ZnP remains unchanged aer the formation of rubrene via chemical reaction.
To gain insight into the interaction between the ZnP-NS and rubrene, the optical properties of ZnP-NS, rubrene NPs and the composite of rubrene/ZnP-NS in the aqueous phase were studied via an analysis of their UV-vis absorption and steadystate photoluminescent (PL) spectra as well as time-resolved uorescent lifetime (TRFL), as illustrated in Fig. 2 . In Fig. 2A , the peak at 305 nm of the pristine rubrene NPs originates from n-p* transitions, whereas the shoulder peak at 432 nm, the two peaks at 450 and 515 nm as well as the two peaks in the range of 600-800 nm of ZnP-NS belong to the Soret-band, J-aggregate and Q-band from a 1m (p) and a 2m (p) to e g (p*) electron transition, respectively. 32 With increasing rubrene content, the UV-vis spectra (a-c) of the composites present two obvious phenomena compared to pristine ZnP-NS (d) and rubrene NPs (f). One is the enhancement of both rubrene absorption peaks and ZnP (J-aggregate and Q-band) absorption peaks, another is the redshi of rubrene and ZnP Q-band absorption peaks. It can be found that the absorption of rubrene NPs is shied from 307 nm to 309 nm, whereas the ZnP Q-band is shied from 558 nm to 563 nm when the ZnP Soret-band remains constant. These phenomena strongly suggest a p-p interaction between ZnP and rubrene in the composite, which in turn decreases the free energy of surface molecules of ZnP and rubrene and thus promotes the formation of more aggregates and intermolecular charge transfer.
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To further study the interaction between ZnP-NS and rubrene in the heterostructure, the uorescence of the as-prepared samples was carried out, as shown in Fig. 2B . The gure shows that the PL spectrum of the rubrene NPs has an emission peak at 569 nm upon excitation at 350 nm. However, the emission peak intensity of rubrene NPs decreases drastically and is red shied to 577 nm aer rubrene NPs formed on the surface of the ZnP-NS, which indicates the formation of a new excited state in the composites such as (rubrene$rubrene)* exciplex and (rubrene$ZnP)* excimer. 34 In this case, the uorescence of rubrene NPs (c) at $570 nm can be quenched totally by a factor of ten compared to the pristine rubrene NPs (e). The sudden increase of rubrene uorescence (a) in Fig. 2B when the molar ratio of rubrene/ZnP is 2 : 3 should result from the existence of sole rubrene NPs, as shown in Fig. 1E . In addition, Fig. 2B displays that ZnP-NS has an emission peak at 643 nm upon excitation at 350 nm. It can be found that the peak intensity obviously increases in the composites and the emission wavelength remains constant. Fig. 2C shows that the UV-vis absorption spectrum of ZnP Q-band (c) overlaps very well with the steady-state emission spectrum of the rubrene NPs (b) in the wavelength range of 600-700 nm. This is essential for the FRET from rubrene to ZnP-NS. The existence of a p-p interaction between ZnP and rubrene at the heterojunction also strongly indicates that the relative orientation of transition dipoles for the rubrene donor to the ZnP acceptor is coincident and the distance between rubrene and ZnP molecules is close, 35 which meets requirements for the occurrence of FRET. Thus, FRET from rubrene to ZnP is responsible for the enhanced emission of ZnP in the heterostructure and indicates the formation of the excimer of (rubrene$ZnP)* at the heterojunction.
The uorescence decays of rubrene at 569 nm were measured using an excitation wavelength of 350 nm, as shown in Fig. 2D . The average lifetime of rubrene NPs (a) in the aqueous phase is 12.5 ns. In the case of rubrene/ZnP-NS heterostructure, the TRFLs of rubrene (b-d) obviously become shorter as the content of rubrene decreased. As listed in Table 1 , the decay curves of rubrene in all samples can be well tted by three exponents, which means three relaxation processes of rubrene excited state (S*). According to the corresponding excitation spectra (see Fig. S3 †) , it might be related to the transition from S* to the exciplex or excimer (S * e ), aggregate (S * a ) and ground state (S 0 ). The longest TRFL (s 3 ) should arise from S* / S 0 , as reported earlier. 36 For rubrene, the formation of heterojunction means the appearance of more excimers due to p-p interaction between ZnP and rubrene. When the molar ratio of rubrene/ZnP is >1 : 3 in the composite, there are more excimers with the increased content of rubrene. Based on this, s 1 should be from the transition of S* / S * e as referred to the percentage change of TRFL in Table 1 Table 1 show that the TRFLs of s 1 and s 2 become longer as the content of rubrene increased. This may involve the size-effect of rubrene NPs. Smaller size means higher energy level of S * e and/or S * a . In a word, compared to pristine rubrene NPs, the formation of more rubrene-related excimers and exciplex at the heterojunction is responsible for the quenching of rubrene PL and the enhancement of ZnP PL. Under the excitation of light, it will result in the appearance of more photoinduced electrons on the surface of ZnP-NS and achieve more efficient utilization of light.
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To further investigate the effect of the formation of rubrene/ ZnP-NS heterojunction on the photoelectric properties, PHE activity of different samples was studied when they were used as photocatalysts with TEOA as SED. PHE was carried out under a 300 W Xe lamp aer 2 mg of sample was dispersed in 90 mL ultrapure water by sonication and 10 mL of TEOA was added to it. To survey the shape-dependent photocatalysis of the ZnPs, ZnP-NPs with an average size of $80 nm were synthesized (see Fig. S4 †) . Fig. 3A shows the time course of PHE over the ZnP-NPs, ZnP-NS and rubrene/ZnP-NS heterostructures. The ZnP-NS presents higher photocatalytic activity than ZnP-NPs. The PHE rate of ZnP-NS is $0.16 mmol g À1 h
À1
, whereas that of ZnP-NPs is $0.06 mmol g À1 h À1 . This indicates that the catalytic activity of the ZnP nanostructure may be closely associated with its shape. Combined with the crystal structure of ZnP-NS in Fig. 1A , it is believed that the active sites of ZnP were concentrated on the (020) crystal face. Compared to pristine ZnP-NS and rubrene NPs, the heterostructures of rubrene/ZnP-NS constructed on the AE(020) crystal faces of ZnP-NS reveal more efficient PHE activity. The experimental results in Fig. 3A show that the loading of rubrene plays an important role in adjusting the photocatalytic activity of the heterostructure. With increasing content of rubrene, the amount of hydrogen rst increases and then decreases when the molar ratio of rubrene/ZnP is changed from 1 : 6, 1 : 3 to 2 : 3. As we know, the photocatalytic activity of a nanocomposite is closely related to two factors. One is the ability to harvest light, another is the amount of photocatalytic active sites at the surface. The increase in heterojunction usually means a decrease in the number of active sites. In our system, the PL spectra in Fig. 2A clearly display that the intensity of UV-vis absorption enhances as the content of rubrene increased. However, the amount of heterojunction, in fact, did not increase when the molar ratio of rubrene/ZnP was increased to 2 : 3. As observed in Fig. 1E , there are a large number of independent rubrene NPs, which have little photocatalytic activity in our experiment. In nature, the PL spectra of curves (b) and (c) in Fig. 2B also imply that increasing the loading of rubrene to ZnP-NS will not improve the energy and/or electron transfer from rubrene to ZnP. The optimal molar ratio of rubrene/ZnP for PHE is 1 : 3. Its PHE rate is 0.56 mmol g À1 h
and it is more than three times than that of pure ZnP-NS, which conrms that the formation of the rubrene/ZnP-NS heterojunction has a positive effect on the PHE from water splitting. Actually, the result is better than the PHE rate of ZnP-NS with $3.8 wt% Pt loaded, as illustrated in Fig. S5 . † In this system, the turnover numbers (TON ZnP ) and the turnover frequency (TOF ZnP ) for the ZnP are $5 and 2.72 Â 10 À4 s À1 aer 5 hours irradiation, respectively. Furthermore, the PHE durability of the rubrene/ZnP-NS (1 : 3) heterostructure was performed. The results can be seen in Fig. 3B . For each cycle, there is no evident decay of PHE activity, indicating the excellent photocatalytic stability of the composite. As a matter of fact, zinc porphyrin and its derivatives are usually used for PHE in a three component system, including MV and Pt.
14 As shown in Fig. 2B , the PL spectrum (f) of the heterostructure at 643 nm was quenched by a factor of nineteen aer the addition of MV. In view of this, we tried constructing the system of TEOA/rubrene/ZnP-NS/MV/Pt. The results are displayed in Fig. 3C . Taking the effect of the pH on PHE into account, we achieved a PHE rate of $9.3 mmol g À1 h À1 at pH ¼ AE 10 nm, a quantum yield (Ø) of 1.65% was obtained. In this type of system, MV is usually used as an electron relay to transfer photoinduced electrons from a photosensitizer to the Pt surface, whereas Pt is oen seen as a catalyst. 9 The existence of Pt further improves the efficiency of photocatalytic hydrogen evolution (PHE) by limiting the recombination of photoinduced electrons and holes due to the Schottky effect and providing more and better activity sites for the reaction from the proton to hydrogen and the desorption of hydrogen. In the photocatalytic system of TEOA/rubrene/ZnP-NS/MV/Pt, the effect of pH on the PHE results from two factors. (1) A higher pH value will decrease the concentration of protons in water and in turn reduce the reaction rate from protons to hydrogen. (2) When hydrochloric acid (HCl) was used to adjust the pH, a lower pH value may inuence the activity of TEOA as a sacricial electron donor. Therefore, there is an optimal pH in our experiment.
Based on our experiments, we established the schematic of PHE of rubrene/ZnP-NS, as illustrated in Scheme 1. Under solar light illumination, both ZnP and rubrene are pumped to the excited state due to an electron transition and then form excitons (the pair of electron and hole), as shown in eqn (1) and (2) . In addition, FRET between the excited-state rubrene and ground-state ZnP occurs and generates an excimer, nally forms ground-state rubrene and excited-state ZnP because of the p-p stacking interaction and close contact between ZnP and rubrene at the heterojunction, as referred in eqn (3). This process promotes the occurrence of reaction (2) .
Because the LUMO and HOMO of ZnP and rubrene are À2.39 eV and À5.13 eV and À2.10 eV and À4.62 eV, respectively, higher energy photogenerated electrons of rubrene should transfer to ZnP, and higher energy photogenerated holes of ZnP should transfer to rubrene, as shown in eqn (4) and (5). 27, 30 In this process, the TRFLs of both rubrene and ZnP are obviously lowered (see Tables 1, S1 and Fig. S6 †) .
On the (020) crystal face of ZnP-NS, the photoinduced electrons from ZnP and rubrene rst transfer from ligand TPP to the central atom of Zn(II), then to crystal water, nally to water and/or protons in body phase. 24 Subsequently, as listed in eqn (6) and (7) and Scheme 1, holes on the surface of rubrene were reduced by TEOA and hydrogen is generated at the active sites. 
According to the abovementioned results and analysis for the photocatalytic system of TEOA/rubrene/ZnP-NS, we believe that in the entire process of PHE from water, (1) ZnP-NS is the photocatalyst, (2) the crystal water of the ZnP-NS (020) crystal face may not only play a bridge role in the transfer of photogenerated electron to protons, but also be a reaction site of proton to hydrogen, and (3) rubrene only acts as a photosensitizer.
Conclusions
In summary, we achieved direct PHE using the nanostructures of organic small molecule as photocatalysts. In this study, a series of nanostructures, including ZnP-NS, ZnP-NPs, rubrene NPs and heterostructures of rubrene/ZnP-NS with different molar ratios, were synthesized via a liquid-phase chemical reaction for PHE from water splitting. The shape-dependent PHE activity showed that ZnP-NS presented higher PHE activity than ZnP-NPs because of more exposed crystal water on the surface. The PHE rate of ZnP-NS was $0.16 mmol g À1 h À1 . Aer in situ constructing the heterostructure of rubrene/ZnP-NS in an aqueous solution, FRET from rubrene to ZnP occurs, and in turn markedly promotes the capability of light absorption of ZnP and limits the recombination of photoinduced electrons and holes. The PHE rate of the optimal heterostructure was $0.56 mmol g À1 h À1 . Moreover, the value of $9.3 mmol g À1 h
À1
can be obtained at pH ¼ 7 when the optimal composite of rubrene/ZnP-NS was added to the system including MV and colloid Pt. Our study not only demonstrates that the nanostructures of organic small molecules can be used directly as a photocatalyst, but also paves a new way for PHE from water splitting. 
Experimental
In a typical synthesis, a solution of dry silver perchlorate in anhydrous acetonitrile (2 mL, 100 mM) and a solution of I 2 in anhydrous dichloromethane (4 mL, 25 mM) were added to a 10 mL solution of 20 mM ZnTPP in anhydrous dichloromethane with stirring for 3 hours and aging for one hour. Silver chloride was ltered by centrifuging at 10 000 rpm for 10 min. The solution of ZnTPP$ClO 4 was then poured into 80 mL petroleum ether and sealed at room temperature for 3 h. Finally, the green-black precipitate was obtained by centrifuging at 10 000 rpm for 10 min and further washed twice with petroleum ether. The as-obtained ZnTPP$ClO 4 was dried under vacuum for further use. Second, ZnTPP$ClO 4 (1 mL, 1 mM) in anhydrous acetonitrile was injected rapidly into 5 mL ultrapure water solution containing 10 mM sodium nitrite and 500 mM polyvinyl pyrrolidone (PVP). The nanosheets can be obtained according to reaction (9): 2ZnTPP$ClO 4 + NaNO 2 + 3H 2 O / 2ZnTPP$H 2 O + NaNO 3 + 2HClO 4 (9) Aer injection of the precursor and aging 3 hours, the colloidal suspension of ZnP-NS was found. The sample was separated and washed three times with pure water to remove the excess PVP. The nal product was dried for further use. An olive-drab rubrene$ClO 4 solution was obtained. The solution was then treated by decompressed distillation to remove the solvent. The as-obtained rubrene$ClO 4 was dried under vacuum at room temperature. Second, rubrene$ClO 4 (1 mL, 1 mM) in anhydrous acetonitrile was injected rapidly into a 3 mL pure water solution. Aer injection and aging for 3 hours, the rubrene nanostructure was obtained. The sample was then washed twice with pure water and dried for further use. Rubrene was prepared via reaction (11):
Characterization
The morphologies and elemental composition were measured by a eld emission scanning electron microscope (FESEM, Hitachi SU8010) and a transmission electron microscope (TEM, F20). The UV-vis absorption spectra were obtained using a UV-vis spectrophotometer (Shimadzu, UV2550). The photoluminescence (PL) spectra were acquired on a Hitachi F-4600 uorescence spectrophotometer. The uorescence lifetime decay spectra were performed with a transient state uores-cence spectrometer (Edinburgh Instrument, FLS980). The mass spectrum was measured using MALDI-TOF-MS spectrometer (Bruker, Autoex III).
Photocatalysis experiments
The photocatalytic water splitting reactions were performed with a Pyrex top-irradiation reaction vessel connected to a closed glass gas circulation system (Labsolar III AG, Beijing Perfect-light Technology Co. Ltd). In a typical experiment, 2 mg of ZnP-NS or rubrene/ZnP-NS (2 mg) was added to 90 mL ultrapure water, and 10 mL TEOA was then added. The irradiation light source was a 300 W Xe lamp (PLS-SXE 300). In the case of H 2 PtCl 6 $6H 2 O (3.86 Â 10 À7 mol) and MV 2+ (2.95 Â 10 À4 mol), aer all regents were added to 100 mL reaction agents, the 300 W Xe lamp was applied for 2 hours so that H 2 PtCl 6 could be reduced to Pt nanoparticles and to deposit on the surface of the ZnP-NS via reaction 37 (12):
The pH was adjusted with HCl. The evolved gas was analyzed by gas chromatography (GC 7900, Shanghai Techcomp Instrument Ltd). A ow of cooling water was used to maintain the reactant solution at room temperature.
The estimated turnover numbers (TON), turnover frequency (TOF) and quantum yield of hydrogen production (Ø) were obtained using these equations:
n H 2 represents the moles of hydrogen production. n Pt is the moles of Pt, whereas n ZnP is the moles of ZnPt is the irradiation time. I 0 is the number of photons per second. The quantum efficiency (Ø) was obtained by applying a Xe lamp (300 W) with a 365 nm bandpass lter.
